OPEN @ ACCESS Freely available online @ PLOS ’ ONE

Suppression of Motor Cortical Excitability in
Anesthetized Rats by Low Frequency Repetitive
Transcranial Magnetic Stimulation

Paul A. Muller’, Sameer C. Dhamne', Andrew M. Vahabzadeh-Hagh'?, Alvaro Pascual-Leone?3,
Frances E. Jensen®, Alexander Rotenberg’**

1 Department of Neurology, Boston Children’s Hospital, Harvard Medical School, Boston, Massachusetts, United States of America, 2 Berenson-Allen Center for
Noninvasive Brain Stimulation, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, Massachusetts, United States of America, 3 Institut Universitari de
Neurorehabilitacié Guttmann, Universidad Autdnoma de Barcelona, Badalona, Spain, 4 Department of Neurology, Perelman School of Medicine, University of Pennsylvania
Health System, Philadelphia, Pennsylvania, United States of America

Abstract

Repetitive transcranial magnetic stimulation (rTMS) is a widely-used method for modulating cortical excitability in humans,
by mechanisms thought to involve use-dependent synaptic plasticity. For example, when low frequency rTMS (LF rTMS) is
applied over the motor cortex, in humans, it predictably leads to a suppression of the motor evoked potential (MEP),
presumably reflecting long-term depression (LTD) - like mechanisms. Yet how closely such rTMS effects actually match LTD
is unknown. We therefore sought to (1) reproduce cortico-spinal depression by LF rTMS in rats, (2) establish a reliable animal
model for rTMS effects that may enable mechanistic studies, and (3) test whether LTD-like properties are evident in the rat
LF rTMS setup. Lateralized MEPs were obtained from anesthetized Long-Evans rats. To test frequency-dependence of LF
rTMS, rats underwent rTMS at one of three frequencies, 0.25, 0.5, or 1 Hz. We next tested the dependence of rTMS effects on
N-methyl-D-aspartate glutamate receptor (NMDAR), by application of two NMDAR antagonists. We find that 1 Hz rTMS
preferentially depresses unilateral MEP in rats, and that this LTD-like effect is blocked by NMDAR antagonists. These are the
first electrophysiological data showing depression of cortical excitability following LF rTMS in rats, and the first to
demonstrate dependence of this form of cortical plasticity on the NMDAR. We also note that our report is the first to show
that the capacity for LTD-type cortical suppression by rTMS is present under barbiturate anesthesia, suggesting that future
neuromodulatory rTMS applications under anesthesia may be considered.
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Introduction appears mediated, at least in part, by intracortical mechanisms
) o ) ) [3,4]. Such capacity to modulate cortical excitability is thought to
Transcranial magnetic stimulation (TMS) is a well-tolerated  (rigically contribute to the therapeutic effects of *TMS in several

method for noninvasive stimulation and modulation of regional neuropsychiatric diseases, including major depression, chronic
cortical excitability in humans. TMS is based on the principles of pain and epilepsy [5-10].

electromagnetic induction where small intracranial electrical The mechanisms by which rTMS alters cortico-motor excit-
currents are induced by a PO.WerfUl ﬂuctuat.ing extracral.lial ability are not sufficiently understood. Human data and experi-
magnetic ﬁCl_d~ In common clinical and experimental practice, mental work in animals suggest that the lasting effects of high (=
T?VIS is applied unilaterally over the motor corte)?, and Cf)upled 10 Hz) or low (=1 Hz) ¥TMS on cortico-spinal excitability rely on
with surface electromyography (EMG) such that reliable unilateral synaptic plasticity mechanisms similar to those of long-term-

motor evoked potentials (MEP) can be recorded from the subject’s potentiation (LTP) and long-term depression (LTD) [11-18].
contralateral hand muscles. MEP measures can then be used as Specifically, rTMS resembles classical LTD and LTP plasticity in

markers of cortico-spinal excitability [1,2]. that rTMS effects are frequency dependent, cause an immediate
Repetitive transcranial magnetic stimulation (r'TMS) of the change in excitability, outlast stimulation, and appear to be
human motor cortex induces a durable change in cortico-spinal dependent on activation of the N-methyl-D-aspartate glutamate

excitability as reflected by a lasting change in the MEP size and receptor (NMDAR) [3].
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Figure 1. (A) EMG-rTMS rat setup. Photograph shows rat in stereotaxic frame. Monopolar stainless steel needle electrodes are placed into the
brachioradialis of each forelimb and between the third and fourth digit in the footpad (arrows). A ground electrode is inserted in the tail. A 40 mm
figure-of-eight coil is fixed to a micromanipulator arm and positioned over the left or right hemisphere. (B) Demonstration of contralateral
activation by TMS in rat. Representative brachioradialis MEPs (average of ten consecutive sweeps) are shown. Note, at motor threshold, lateralized

TMS elicits isolated MEP in the contralateral forelimb.
doi:10.1371/journal.pone.0091065.g001

To approximate human protocols in translational (rat) TMS
research, our group has developed methods for lateralized single
pulse TMS (spTMS) and paired-pulse TMS (ppTMS) to enable
focal cortical stimulation and provide a measure of regional
cortical excitability [19-22]. Here, we establish an rTMS model
that will enable mechanistic studies of LF rTMS protocols that are
currently used in the clinical arena [23,24] and anticipate this as a
step toward valuable insights at the cellular and molecular level
that can be obtained from animal models to improve therapeutic
clinical LF rTMS protocols. Specifically, we demonstrate that a
lasting reduction in motor excitability can be induced by LF rTMS
in anesthetized rats, and examine whether and to what extent the
rITMS-induced change in excitability depend on stimulation
frequency and the NMDAR.

Methods

Ethics Statement

All animal procedures were in accordance with the guidelines of
the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals. The protocol was approved by the Animal Care
and Use Committee at Boston Children’s Hospital (protocol
number: 10-03-1633R).

Animals

48 adult male Long-Evans rats (231 g +=20.7 g) were used. All
efforts were made to minimize the number of rats used in the
present experiments.

Anesthesia

Animals were anesthetized with intraperitoneal (i.p.) sodium
pentobarbital at 65 mg/kg (50 mg/ml solution). Ten minutes later
a second dose, equal to approximately 20% of the primary
injection, was given i.p. This pentobarbital dosing protocol was
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adapted from previously described methods and enabled sufficient
anesthesia for the 70-minute experiment [19,20]. Once anesthe-
tized, rats were placed into a stereotaxic frame (Stoelting Wood
Dale, Illinois). The frame was electrically grounded. The
stereotaxic frame’s points of contact with the animal (ear bars
and nose clamp) were covered with several layers of paraffin film
to avoid potential conductance of induced electrical current
between the rat and the metal frame, and the rat torso was isolated
from the frame base by plastic padding [19].

Pharmacology

Two separate groups, both stimulated with 1 Hz rTMS, (n=6
rats/group) received MK801 3 mg/kg (2 mg/ml) or AP5 5 mg/kg
(5 mg/ml) dissolved in 0.9% saline by i.p. injection. These doses
were based on published methods for systemic administration of
the NMDAR antagonists AP5 [25-29] and MKS801 [30-33].
NMDAR antagonists were administered 20 minutes before
sodium pentobarbital. Note: due to the sedating effects of
MKS801, the second dose of pentobarbital was not administered
in this group.

Electromyography

MEPs were recorded with monopolar uninsulated 28 G
stainless steel needle electrodes (Chalgren Enterprises Inc., Gilroy,
CA) inserted into each brachioradialis muscle (Fig. 1a) [19,20].
Brachioradialis location was determined by palpation of the
extended forelimb. A reference electrode was positioned distally in
the paw between the 3rd and 4th digit. Each animal was
electrically grounded by one needle electrode placed in the tail
(Fig. la). EMG signal was band pass filtered 100-1000 Hz,
amplified X1000 (AM Systems Model 1700; Sequim, WA),
digitized with 40 kHz sampling, and stored for post hoc analysis
(AD Instruments Colorado Springs, CO).
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Repetitive Transcranial Magnetic Stimulation

A MagStim Rapid stimulator and a customized 70 mm figure-
of-eight coil (40 mm external diameter of each lobe; Magstim
Company, Wales, U.K.) were used to apply r'I'MS over the motor
cortex (coil center 9.00.9 mm lateral and 3.3%1.0 mm anterior
to bregma). The coil position was adjusted to produce unilateral
MEPs in the brachioradialis muscle contralateral to the site of
stimulation and no MEPs in the ipsilateral brachioradialis at motor
threshold (MT) (Fig. 1b). By visual inspection, such lateralized
TMS produced a twitch only in the contralateral forepaw and
shoulder. An exclusive unilateral MEP response was the inclusion
criterion for the study.

TMS intensity was recorded as percent machine output (%
MO), with 100% corresponding to the maximal electrical current
in the coil with corresponding maximal magnetic field. Bregma
was located by measurement of the interaural line [34]. MT was
defined as the minimum stimulus intensity to obtain MEPs of =
20 pV peak-to-peak amplitude in at least 5 of 10 trials [20].

To stay within a relatively narrow steady-state anesthesia time
window, a pre-rTMS recruitment curve, similar to our previous
publication, was rapidly generated by adjusting the stimulator
intensity in steps of 5% MO from 55% to 95% MO with a 7 sec
inter-stimulus interval for a total of 630 seconds [19]. 10 stimuli
were repeated at each step in the recruitment curve. Following
baseline and MT acquisition, the stimulator was set to either 100%
MT for active stimulation or 5% MO for sham stimulation (n =6
rats per treatment condition). Stimulation was performed at one of
three frequencies; 1 Hz, 0.5 Hz, or 0.25 Hz such that total
number of pulses delivered was 300, resulting in 5, 10, and 20
minutes of stimulation for 1, 0.5, and 0.25 Hz, respectively.

For the purposes of timing, we designated end of rITMS as
minute “0”. Thereafter, two additional recruitment curves were
obtained at 8 and 35 minutes following rTMS (Fig. 2a). The time
to the first post-rTMS recruitment curve was limited by the
stimulator and coil temperature as pilot runs indicated that a 7-
minute cooling period was required for the coil to be functional
after 300 rTMS pulses. Therefore, the 8-minute time point was
selected as the earliest start point for the recruitment curve used to
assess immediate r'TMS effects. The second post-rTMS recruit-
ment curve was started 15 minutes after the end of the first post-
stimulation curve (lasting 12 minutes), making it the 35™ minute of
the experiment.

Statistical Analysis

Absolute integrated voltage from ten consecutive sweeps was
averaged for comparison of MEP voltages at each TMS intensity
[19,20]. Means of derived MEP amplitudes were analyzed at each
timepoint after LF rTMS as a ratio relative to matched MO from
the baseline recruitment curve for each animal. All data expressed
as ratios were log-transformed prior to analysis. Group and
stimulation intensity contributions to differences between recruit-
ment curves were evaluated by two-way ANOVA with corre-
sponding post hoc paired t-test.

For purposes of analysis, comparisons between multiple groups
were made using integrated MEP voltage ratios and their log
transformation at 80% MO, an intensity that was the lowest MO
value that was suprathreshold for MEP activation in all test
animals. We note also that we chose the 80% MO intensity,
somewhat arbitrarily, given the relatively coarse MT approxima-
tion in 5% MO steps, and absent EMG-based definition of MT in
rats.
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Results

MEP Suppression by LF rTMS

Following 1 Hz rIMS (LF rTMS), the integrated MEP voltage
1s reduced at all suprathreshold TMS intensities for the duration of
the experiment, up to 47 minutes post-rTMS (Fig. 2a). Represen-
tative traces demonstrate the reduction seen in MEP amplitude for
active 1 Hz stimulation as compared to its sham counterpart
(Fig. 2c). Two-way ANOVA comparison of the integrated MEP
voltages between groups indicates that recruitment curve is
significantly depressed at both the 8-minutes [stimulation effect:
F(1,90)=28.35, p<0.0001] and 35-minutes [stimulation effect:
F(1,90)=30.29, p<<0.0001] timepoints following the 300-pulse
r'TMS train (Fig. 2b). Post hoc t-tests show that the difference is
largely attributable to significant suppression at the 8-minutes
timepoint for 75, 80, 85 and 90% MO (p<<0.01, p<<0.001, p<
0.01, p<<0.05, respectively) when comparing baseline and post-
stimulation absolute integrated MEP voltages. For the 35-minutes
timepoint, we note a significant decrease in values relative to sham
at 75, 80 and 85% MO (p<<0.05, p<<0.01, p<<0.01).

rTMS Effect is Frequency-dependent

We also find that the suppressive LF rTMS effect is strongly
dependent on the rTMS frequency. Specifically, there is no
significant difference between sham and active stimulation for
either 0.25 Hz or 0.5 Hz at either timepoint after the LF rTMS
train. This is illustrated in figure 3 which shows a comparison of
the effects of r'TMS trains over a short range of frequencies at 80%
MO. In contrast, after 1 Hz active rI'MS the MEPs are
significantly suppressed to 55% (*£18%; p<<0.004) and 69%
(£27%; p<<0.04) of the baseline integrated voltage, at the 8-
minutes and 35-minutes timepoints, respectively. The time effect
not significant for either group, but the frequency effect of
frequency was significant for both sham [F(2,30) = 4.43, p<<0.021]
and active [F(2,30)=6.20, p<<0.0056] by two-way ANOVA.
Furthermore, two-way ANOVA analysis of frequency versus
stimulation condition at both 8 minute and 35 minutes identified
significant contributions of both time points respectively [frequen-
cy effect: F(2,30)=4.88, p<0.015; sham/active eflect:
F(1,30)=17.95, p<<0.0084] [frequency effect: F(2,30)=4.31, p<
0.023; sham/active effect: F(1,30) = 4.33, p<<0.046].

1 Hz rTMS Effect is Dependent on NMDAR Activation

To test whether MEP modulation by LF rTMS is dependent on
NMDAR activation, we treated separate groups of rats (n =6 rats
per group) with either the non-competitive NMDA antagonist
MKS801 or the competitive antagonist AP5. Motor threshold (MT)
was unchanged following either MK801 or AP5 administration.
MT comparison among treatment conditions showed no signifi-
cant difference among groups when evaluated by one-way
ANOVA (Fig. 4a). Average MT across all groups was
73.5%£2.5% MO. Following active rTMS, at 80% MO, we find
48.2% (p<<0.01) and 53% (p<<0.05) reduction of the MEP
integrated voltage at 8 and 35-minutes after the rI'MS train,
respectively, when compared to their individual pre-r'TMS
baseline. However, there is no significant difference between
sham, MK801, and AP5 conditions (Fig. 4b).

Discussion

LTD-like Forelimb MEP Suppression in Anesthetized Rats

As a step toward establishing a mechanistic r'TMS model and
enabling further trasnslational rTMS research, we show for the
first time a long-term depression of the lateralized forelimb MEPs
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Figure 2. (A) Representative recruitment curves. Averaged integrated voltage (uV*s) for the baseline recruitment acquisition from all animals is
compared to post-stimulation values at both the 8 and 35-minutes timepoints after rTMS. By 2-way ANOVA, there is a significant reduction in the
integrated MEP size following 1 Hz stimulation at both 8-minutes [stimulation effect: F(1,162) =294.3, p<<0.0001; MO effect: F(8,162) =127.5, p<
0.0001; interaction effect: F(8,162) =25.86, p<<0.0001] and the 35-minutes [stimulation effect: F(1,162) =355.6, p<<0.0001; MO effect: F(8,162)=118.2,
p<<0.0001; interaction effect: F(8,162) = 27.23, p<<0.0001] timepoints. Significance is confirmed by post-hoc t-test from 75-95% MO. Error bars indicate
SD. **#p<0.001. (B) MEP changes following 1 Hz rTMS. All values are normalized to sham rTMS control. The difference between active and sham
ITMS recruitment curves is significant by 2-way ANOVA at the 8-minute [stimulation effect: F(1,90) = 28.35, p<<0.0001] and 35-minutes [stimulation
effect: F(1,90) =30.29, p<<0.0001] timepoints. At individual stimulator intensities, using post-hoc t-test, there is a significant suppression at 75, 80, 85
and 90% MO (p<0.01, p<<0.001, p<<0.01, p<<0.05, respectively) at the 8-minutes timepoint, and significant suppression at 75, 80 and 85% MO (p<
0.05, p<<0.01, p<<0.01) at the 35-minutes timepoint. Error bars indicate SD. *p<<0.05; **p<0.01; ***p<0.001. (C) Representative MEPs following
1 Hz active or sham rTMS. Ten consecutive MEP sweeps at 55% MO, 100% MT, and 95% MO from one animal per condition, active or sham rTMS,

are shown. Baseline traces are followed by MEPs generated at the same MO at the 8-minutes and 35-minutes timepoints.

doi:10.1371/journal.pone.0091065.9002

in rats by low frequency rTMS. This lasting modulation of cortico-
spinal excitability after r'TMS has several essential features of
LTD-type plasticity: (1) IFrequency dependence with preferential
response to 1 Hz stimulation, (2) immediate (within 8 minutes) and
durable (up to 35 minutes) modulation of post-stimulation
excitability, and (3) NMDAR dependence. Notably, the magni-
tude and duration of MEP suppression by LI rTMS in our study
approximates the 20-50% MEP reduction reported in humans
15-30 minutes after | Hz rTMS [13,35,36]. We also demonstrate
that other aspects of forelimb MEP modulation by LF rTMS are
in line with human studies, including frequency dependence and
NMDAR involvement. We appreciate that other research groups
have also produced analogous results in different experimental
r'TMS settings [37-39], and underscore that the present report
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adds to the literature results specific to plasticity of a lateralized
motor evoked response, akin to that which is seen in humans [19].

Frequency Dependent Effect of LF rTMS

1 Hz rIMS elicits a greater reduction in motor excitability than
either 0.5 Hz or 0.25 Hz stimulation. This is consistent with
published LTD data suggesting a preferential response to 1.0 Hz
stimulation when compared to other low frequencies [40]. These
results also approximate frequency-dependent effects seen in low-
frequency rITMS in humans, whereby 1.0 Hz stimulation has the
most prominent effect on MEP size [35,41]. While sub-1.0 Hz
stimulation appears to have little to no effect on the MEP in our
setup, a depression of the MEP by lower frequencies has been
shown in humans [42] and LF rTMS below 1.0 Hz has
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therapeutic promise in epilepsy (0.3 Hz [43], 0.5 Hz [24]) and
tinnitus (0.5 Hz [44]), among other disease states [45,46].
Plausibly, this discrepancy is due to the physiologic differences
between our rat setup and human rTMS, or to the the physiologic
effects of anesthesia, or to the relatively short train duration (300
pulses) which is 3-6 times shorter than many human rTMS
protocols (reviewed in [42]). Yet an additional and intriguing
explanation is perhaps a fundamental difference in physiologic
sequelae of 1 Hz rTMS as compared to lower frequencies as
suggested in limited human work [41]. Further examination of
rodent LF rTMS, particularly if coupled with molecular neuro-
science techniques that are available only in preclincal studies,
could provide valuable insight into the mechanism of action these
sub-1.0 Hz frequencies in neurological disorders. Although
detailed study of a large range of stimulation protocols as has
been done in humans (reviewed in [42]) is beyond the scope of this
experiment, our anticipation is that the present report will
facilitate such mechanistic studies with methods for lateralized
rTMS in anesthetized rats [19].

PLOS ONE | www.plosone.org

NMDA Dependent Mechanism of Neuronal Modulation
by rTMS

Our data provide further insight into LF rTMS mechanism by
testing the hypothesis that LF rTMS mediated motor suppression
1s dependent on NMDAR activation. In human studies, the role of
NMDARSs in high frequency (potentiating) rTMS has been studied
extensively [47,48]. However, human studies of the NMDAR
contribution to motor cortex plasticity with LF rTMS are limited
in number, and also limited to only one noncompetitive NMDA
antagonist, dextromethorphan, which likely acts on the NMDAR
indirectly via active metabolites and may have off-target effects
[48,49]. Similar future human r'IMS work with healthy volunteers
will also, for ethical reasons, be very likely limited to sub-anesthetic
doses of NMDAR antgonists such as ketamine or synthetic
opioids. Thus the rat model here provides an explicit validation for
the LF rTMS mechanism, as we demonstrate a similar NMDAR
dependence in rats as is suggested in human studies, but with more
selective. NMDAR competitive and noncompetitive NMDAR

antagonism.
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We chose two common NMDAR antagonists, MK801 and
AP5, and found that application of either antagonist prevents
MEP depression by 1 Hz rTMS. Notably, in classic in vitro LTD
experimental setups, in isolated hippocampal slices, AP35 has been
shown to inhibit LTD [50-52], but MK801 has not [53,54]. Thus
we find a small discrepancy between the pharmacology of the
1 Hz focal electrical stimulation i vitro and 1 Hz rTMS in vivo.
We underscore this discrepancy as such distinctions in the
biochemistry of r'TMS effects and those of classic LTD data will
need to be reconciled if we are to apply information from the vast
LTD literature toward experimental design and clinical ¥TMS
protocols. It is ultimately not surprising that rTMS effects, which
could follow from simultaneous electromagnetic stimulation of all

PLOS ONE | www.plosone.org

components of a cortical volume (principal neurons, interneurons,
etc.), may not be fully predicted by data from experimental
protocols that involve precise electrical stimulation of a single
afferent pathway and focal recording from its target; for instance,
where the Schaffer collaterals are stimulated to evoke a post-
synaptic response in CAl in classic LTD experimental setups.

rTMS in an Anesthetized Subject

Our data are the first to show LTD-type MEP suppression by
1 Hz rTMS in rats under pentobarbital anesthesia. For extension
of the present experiment toward further studies, the finding of
motor pathway plasticity under anesthesia is valuable, as
anesthesia will likely be needed for future rodent rTMS
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experiments and the interaction between anesthesia and rTMS
will require further exploration [20,55].

An interesting translational extension of the data may be toward
testing whether r'I’MS-mediated cortical plasticity is preserved in
humans who are under barbiturate sedation or another anesthetic
state. Such scenarios may be of clinical relevance for patient
populations, such as children or adults with developmental
disabilities, who may benefit from rTMS, but who may not
tolerate r'TMS in the awake state. Our results demonstrating that
cortical excitability can be modulated by rTMS in the anesthetized
state also raise the prospect for rTMS in patients treated with high
barbiturate doses for management of an acute medical condition
such as status epilepticus, as supported by recent case reports

[56,57].

Study Limitations

We note limitations to the present study that warrant further
investigation. Among these, is the confound of anesthesia. As most
data in humans are obtained in the waking state, the value of the
current findings as a model for human LF rTMS is compromised.
The anesthetized state and specific choice of anesthetic likely affect
mechanisms of synaptic plasticity as suggested by rodent r'I'MS
results published by Gersner et al. [55]and discussed by Benali
et al. [37], and limit extension of the present findings to human
rTMS. Along these lines, we cautiously anticipate that the
establishment of LTD-like motor depression in rats will enable
our lab and others to test the effects of specific anesthetics on
r'TMS plasticity mechanisms in rodents, in vivo. While the
magnitude direction and duration of MEP change after LF-r'TMS
in rats, as well as its frequency and NMDAR dependence, suggest
some mechanistic overlap with human LF rTMS physiology,
further experiments to validate these early results, perhaps by ex
vivo tissue analysis that follows stimulation of unanesthetized
rodents will be needed [38,58].

Another pharmacologic confound of our experiment, also
common to human rTMS studies, is the systemic administration
of NMDAR antagonists. While we cautiously infer that the
NMDAR dependence of the LTD-like motor phenomenon is
cortical, we recognize that systemic drug treatment may affect the
corticomotor response at numerous sites between the cortex the
neuromuscular junction, as well as at cortical and subcortical
motor regulatory systems. Although beyond the scope of this
project, further delineation of the contribution of region-specific
neurotransmitter receptor populations to rI'MS-related cerebral

References

1. Kobayashi M, Pascual-Leone A (2003) Transcranial magnetic stimulation in
neurology. Lancet Neurol 2: 145-156.

2. Hallett M (2007) Transcranial magnetic stimulation: a primer. Neuron 55: 187
199.

3. Hoogendam JM, Ramakers GM, Di Lazzaro V (2010) Physiology of repetitive
transcranial magnetic stimulation of the human brain. Brain Stimul 3: 95-118.

4. Kobayashi M (2010) Effect of slow repetitive TMS of the motor cortex on
ipsilateral sequential simple finger movements and motor skill learning. Restor
Neurol Neurosci 28: 437-448.

5. Fregni F, Pascual-Leone A (2005) Transcranial magnetic stimulation for the
treatment of depression in neurologic disorders. Curr Psychiatry Rep 7: 381
390.

6. Patrizi F, Freedman SD, Pascual-Leone A, Fregni F (2006) Novel therapeutic
approaches to the treatment of chronic abdominal visceral pain. Scientific-
WorldJournal 6: 472-490.

7. Padberg F, George MS (2009) Repetitive transcranial magnetic stimulation of
the prefrontal cortex in depression. Exp Neurol 219: 2-13.

8. Rotenberg A, Bae EH, Takeoka M, Tormos JM, Schachter SC, et al. (2009)
Repetitive transcranial magnetic stimulation in the treatment of epilepsia
partialis continua. Epilepsy Behav 14: 253-257.

9. Rosen AC, Ramkumar M, Nguyen T, Hoeft F (2009) Noninvasive transcranial
brain stimulation and pain. Curr Pain Headache Rep 13: 12-17.

PLOS ONE | www.plosone.org

Low Frequency rTMS Reduces Rat Cortex Excitability

plasticity, as can be accomplished by transgenic or optogenetic
methods, or by site-specific microinjections, will be helpful in
advancing the value of translational rTMS research [59-61].
Last, a necessary limitation of rodent rITMS research is the
reduction in TMS spatial resolution. The reduced focality of the
electromagnetic stimulus adds to the complexity of the interpre-
tation of TMS effects on distinct neuronal populations that has
been discussed in prior translational rTMS studies [37]. Here, as
in our prior work, we addressed the problem by eccentric
positioning of the coil center relative to the rat’s scalp midline,
such that the major coil conductive components are non-
tangential to the scalp and thus produce poor electromagnetic
coupling between the rat brain and the coil [19,20,62,63]. With
this setup, we note that the brachioradialis response was strongly
lateralized. However, we recognize that physiologic markers of
cortical activation outside the motor areas are absent in our
results, and thus interpretation of MEP modulation as resultant
from selective motor cortex stimulation should be with caution.

Conclusion

We provide the first in-vivo electrophysiologic demonstration of
LTD-like modulation of motor cortex excitability by low
frequency rTMS in anesthetized rats. Consistent with human
data, we show effects that outlast stimulation, frequency-depen-
dent cortico-spinal plasticity, as well as a further demonstration of
LF rTMS NMDAR-dependence. While limitations of rodent
r'TMS methods will be essential to address, we are hopeful that our
results will facilitate future mechanistic studies, at the cellular and
molecular level. Such work is already in progress and that can be
best completed in translational r'TMS models [37,55]. We suggest
a concerted effort to standardize rTMS studies in animals, with
emphasis on specialized coil development. We believe the present
study most closely approximates human rTMS findings to this
point and expansion of this model will be valuable to uncovering
basic rTMS mechanisms as well as to the development of
therapeutic r'TMS protocols.

Author Contributions

Conceived and designed the experiments: PAM SCD AR. Performed the
experiments: PAM SCD AMVH. Analyzed the data: PAM SCD AR.
Contributed reagents/materials/analysis tools: APL FE] AR. Wrote the
paper: PAM SCD FEJ APL AR.

10. Rotenberg A (2010) Prospects for clinical applications of transcranial magnetic
stimulation and real-time EEG in epilepsy. Brain Topogr 22: 257-266.

11. Siegelbaum SA, Kandel ER (1991) Learning-related synaptic plasticity: LTP and
LTD. Curr Opin Neurobiol 1: 113-120.

12. Maeda F, Keenan JP, Tormos JM, Topka H, Pascual-Leone A (2000)
Modulation of corticospinal excitability by repetitive transcranial magnetic
stimulation. Clin Neurophysiol 111: 800-805.

13. Rizzo V, Siebner HR, Modugno N, Pesenti A, Munchau A, et al. (2004)
Shaping the excitability of human motor cortex with premotor rTMS. J Physiol
554: 483-495.

14. Peinemann A, Reimer B, Loer C, Quartarone A, Munchau A, et al. (2004)
Long-lasting increase in corticospinal excitability after 1800 pulses of
subthreshold 5 Hz repetitive TMS to the primary motor cortex. Clin
Neurophysiol 115: 1519-1526.

15. Esser SK, Huber R, Massimini M, Peterson M]J, Ferrarelli F, et al. (2006) A
direct demonstration of cortical LTP in humans: a combined TMS/EEG study.
Brain Res Bull 69: 86-94.

16. Khedr EM, Rothwell JC, Ahmed MA, Shawky OA, Farouk M (2007)
Modulation of motor cortical excitability following rapid-rate transcranial
magnetic stimulation. Clin Neurophysiol 118: 140-145.

17. Aydin-Abidin S, Trippe J, Funke K, Eysel UT, Benali A (2008) High- and low-
frequency repetitive transcranial magnetic stimulation differentially activates c-
Fos and zif268 protein expression in the rat brain. Exp Brain Res 188: 249-261.

March 2014 | Volume 9 | Issue 3 | €91065



22.

23.

26.

27.

28.

29.

30.

31

32.

33.

34.

37.

38.

40.

41.

. Pell GS, Roth Y, Zangen A (2011) Modulation of cortical excitability induced by

repetitive transcranial magnetic stimulation: influence of timing and geometrical
parameters and underlying mechanisms. Prog Neurobiol 93: 59-98.

. Rotenberg A, Muller PA, Vahabzadeh-Hagh AM, Navarro X, Lopez-Vales R,

et al. (2010) Lateralization of forelimb motor evoked potentials by transcranial
magnetic stimulation in rats. Clin Neurophysiol 121: 104-108.

. Vahabzadeh-Hagh AM, Muller PA, Pascual-Leone A, Jensen FE, Rotenberg A

(2011) Measures of cortical inhibition by paired-pulse transcranial magnetic
stimulation in anesthetized rats. J Neurophysiol 105: 615-624.

. Vahabzadeh-Hagh AM, Muller PA, Gersner R, Zangen A, Rotenberg A (2012)

Translational neuromodulation: approximating human transcranial magnetic
stimulation protocols in rats. Neuromodulation 15: 296-305.

Rotenberg A, Muller P, Birnbaum D, Harrington M, Riviello JJ, et al. (2008)
Seizure suppression by EEG-guided repetitive transcranial magnetic stimulation
in the rat. Clin Neurophysiol 119: 2697-2702.

Muller PA, Pascual-Leone A, Rotenberg A (2012) Safety and tolerability of
repetitive transcranial magnetic stimulation in patients with pathologic positive
sensory phenomena: a review of literature. Brain Stimul 5: 320-329 e327.
Sun W, Mao W, Meng X, Wang D, Qiao L, et al. (2012) Low-frequency
repetitive transcranial magnetic stimulation for the treatment of refractory
partial epilepsy: a controlled clinical study. Epilepsia 53: 1782-1789.

. Loeb C, Patrone A, Besio G, Balestrino M, Mainardi P (1990) The excitatory

amino acid antagonist amino-phosphono-valeric acid (APV) provides protection
against penicillin-induced epileptic activity in the rat. Epilepsy Res 6: 249-251.
Loeb C, Patrone A, Besio G, Balestrino M, Mainardi P (1993) The antiepileptic
effect of low-dose amino-phosphono-valeric acid (APV) is not enhanced by
phosphatidylserine association. Seizure 2: 309-310.

Kent S, Kernahan SD, Levine S (1996) Effects of excitatory amino acids on the
hypothalamic-pituitary-adrenal axis of the neonatal rat. Brain Res Dev Brain
Res 94: 1-13.

Guerrini L, Molteni A, Wirth T, Kistler B, Blasi F (1997) Glutamate-dependent
activation of NF-kappaB during mouse cerebellum development. J Neurosci 17:
6057-6063.

McGuire M, Liu C, Cao Y, Ling L (2008) Formation and maintenance of
ventilatory long-term facilitation require NMDA but not non-NMDA receptors
in awake rats. J Appl Physiol (1985) 105: 942-950.

Bouras R, Chapman CA (2003) Long-term synaptic depression in the adult
entorhinal cortex in vivo. Hippocampus 13: 780-790.

de Olmos S, Bender C, de Olmos JS, Lorenzo A (2009) Neurodegeneration and
prolonged immediate early gene expression throughout cortical areas of the rat
brain following acute administration of dizocilpine. Neuroscience 164: 1347
1359.

Han RZ, Hu JJ, Weng YC, Li DF, Huang Y (2009) NMDA receptor antagonist
MK-801 reduces neuronal damage and preserves learning and memory in a rat
model of traumatic brain injury. Neurosci Bull 25: 367-375.

Lai MC, Lui CC, Yang SN, Wang JY, Huang LT (2009) Epileptogenesis is
increased in rats with neonatal isolation and early-life seizure and ameliorated by
MK-801: a long-term MRI and histological study. Pediatr Res 66: 441-447.
Whishaw 1Q, Cioe JD, Previsich N, Kolb B (1977) The variability of the
interaural line vs the stability of bregma in rat stereotaxic surgery. Physiol Behav

19: 719-722.

5. Chen R, Classen J, Gerloff C, Celnik P, Wassermann EM, et al. (1997)

Depression of motor cortex excitability by low-frequency transcranial magnetic
stimulation. Neurology 48: 1398-1403.

5. Muellbacher W, Ziemann U, Boroojerdi B, Hallett M (2000) Effects of low-

frequency transcranial magnetic stimulation on motor excitability and basic
motor behavior. Clin Neurophysiol 111: 1002-1007.

Benali A, Trippe J, Weiler E, Mix A, Petrasch-Parwez E, et al. (2011) Theta-
burst transcranial magnetic stimulation alters cortical inhibition. J Neurosci 31:
1193-1203.

Funke K, Benali A (2011) Modulation of cortical inhibition by rI'MS - findings
obtained from animal models. J Physiol 589: 4423-4435.

. Wang F, Geng X, Tao HY, Cheng Y (2010) The restoration after repetitive

transcranial magnetic stimulation treatment on cognitive ability of vascular
dementia rats and its impacts on synaptic plasticity in hippocampal CAl area.
J Mol Neurosci 41: 145-155.

Nakano M, Yamada S, Udagawa R, Kato N (2004) Frequency-dependent
requirement for calcium store-operated mechanisms in induction of homo-
synaptic long-term depression at hippocampus CAl synapses. Eur J Neurosci 19:
2881-2887.

“incotta M, Borgheresi A, Gambetti C, Balestrieri F, Rossi L, et al. (2003)
Suprathreshold 0.3 Hz repetitive TMS prolongs the cortical silent period:

PLOS ONE | www.plosone.org

42.

43.

44,

46.

47.

48.

49.

50.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

Low Frequency rTMS Reduces Rat Cortex Excitability

potential implications for therapeutic trials in epilepsy. Clin Neurophysiol 114:
1827-1833.

Fitzgerald PB, Fountain S, Daskalakis Z] (2006) A comprehensive review of the
effects of rTMS on motor cortical excitability and inhibition. Clin Neurophysiol
117: 2584-2596.

Brasil-Neto JP, de Araujo DP, Teixeira WA, Araujo VP, Boechat-Barros R
(2004) Experimental therapy of epilepsy with transcranial magnetic stimulation:
lack of additional benefit with prolonged treatment. Arq Neuropsiquiatr 62: 21—
25.

Lee SL, Abraham M, Cacace AT, Silver SM (2008) Repetitive transcranial
magnetic stimulation in veterans with debilitating tinnitus: a pilot study.
Otolaryngol Head Neck Surg 138: 398-399.

. Dragasevic N, Potrebic A, Damjanovic A, Stefanova E, Kostic VS (2002)

Therapeutic efficacy of bilateral prefrontal slow repetitive transcranial magnetic
stimulation in depressed patients with Parkinson’s disease: an open study. Mov
Disord 17: 528-532.

Sokhadze EM, El-Baz A, Baruth J, Mathai G, Sears L, et al. (2009) Effects of low
frequency repetitive transcranial magnetic stimulation (rTMS) on gamma
frequency oscillations and event-related potentials during processing of illusory
figures in autism. J Autism Dev Disord 39: 619-634.

Stefan K, Kunesch E, Benecke R, Cohen LG, Classen J (2002) Mechanisms of
enhancement of human motor cortex excitability induced by interventional
paired associative stimulation. J Physiol 543: 699-708.

Wankerl K, Weise D, Gentner R, Rumpf JJ, Classen J (2010) L-type voltage-
gated Ca2+ channels: a single molecular switch for long-term potentiation/long-
term depression-like plasticity and activity-dependent metaplasticity in humans.
J Neurosci 30: 6197-6204.

Fitzgerald PB, Benitez J, Oxley T, Daskalakis JZ, de Castella AR, et al. (2005) A
study of the effects of lorazepam and dextromethorphan on the response to
cortical 1 Hz repetitive transcranial magnetic stimulation. Neuroreport 16:
1525-1528.

Manahan-Vaughan D (1997) Group 1 and 2 metabotropic glutamate receptors
play differential roles in hippocampal long-term depression and long-term
potentiation in freely moving rats. J Neurosci 17: 3303-3311.

. Watanabe K, Kamatani D, Hishida R, Kudoh M, Shibuki K (2007) Long-term

depression induced by local tetanic stimulation in the rat auditory cortex. Brain
Res 1166: 20-28.

Kourrich S, Glasgow SD, Caruana DA, Chapman CA (2008) Postsynaptic
signals mediating induction of long-term synaptic depression in the entorhinal
cortex. Neural Plast 2008: 840374.

Wohrl R, von Haebler D, Heinemann U (2007) Low-frequency stimulation of
the direct cortical input to area CAl induces homosynaptic LTD and
heterosynaptic LTP in the rat hippocampal-entorhinal cortex slice preparation.
Eur J Neurosci 25: 251-258.

Rodriguez-Moreno A, Paulsen O (2008) Spike timing-dependent long-term
depression requires presynaptic NMDA receptors. Nat Neurosci 11: 744-745.
Gersner R, Kravetz E, Feil J, Pell G, Zangen A (2011) Long-term effects of
repetitive transcranial magnetic stimulation on markers for neuroplasticity:
differential outcomes in anesthetized and awake animals. J Neurosci 31: 7521
7526.

Thordstein M, Constantinescu R (2012) Possibly lifesaving, noninvasive, EEG-
guided neuromodulation in anesthesia-refractory partial status epilepticus.
Epilepsy Behav 25: 468-472.

Liu A, Pang T, Herman S, Pascual-Leone A, Rotenberg A (2013) Transcranial
magnetic stimulation for refractory focal status epilepticus in the intensive care
unit. Seizure 22: 893-896.

Ghiglieri V, Pendolino V, Sgobio C, Bagetta V, Picconi B, et al. (2012) Theta-
burst stimulation and striatal plasticity in experimental parkinsonism. Exp
Neurol 236: 395-398.

Rogan SC, Roth BL (2011) Remote control of neuronal signaling. Pharmacol
Rev 63: 291-315.

Ting JT, Feng G (2013) Development of transgenic animals for optogenetic
manipulation of mammalian nervous system function: progress and prospects for
behavioral neuroscience. Behav Brain Res 255: 3-18.

Tostes JG, Medeiros P, Melo-Thomas L (2013) Modulation of haloperidol-
induced catalepsy in rats by GABAergic ncural substrate in the inferior
colliculus. Neuroscience 255: 212-218.

Tofts PS, Branston NM (1991) The measurement of electric field, and the
influence of surface charge, in magnetic stimulation. Electroencephalogr Clin
Neurophysiol 81: 238-239.

Zheng ], Li L, Huo X (2005) Analysis of Electric Field in Real Rat Head Model
during Transcranial Magnetic Stimulation. Conf Proc IEEE Eng Med Biol Soc
2: 1529-1532.

March 2014 | Volume 9 | Issue 3 | €91065



